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Violation of CP invariance is a quite relevant phenomenon that is found in the Standard Model,
though in small amounts. This has been an incentive to look for high-energy descriptions in which
CP violation is increased, thus enhancing effects that are suppressed in the Standard Model, such as
the electric dipole moments of elementary particles. In the present investigation, we point out that
charged currents in which axial couplings are different from vector couplings are able to produce
one-loop contributions to electric dipole moments of charged leptons if neutrinos are massive and
if these currents violate CP . We develop our discussion around charged currents involving heavy
neutrinos and a W ′ gauge boson coupling to Standard Model charged leptons. Using the most
stringent bound on the electron electric dipole moment, provided by the ACME Collaboration, we
determine that the upper bound on the difference between axial and vector currents lies within
∼ 10−10 and ∼ 10−7 for heavy-neutrino masses between 0.5TeV and 6TeV and if the W ′ mass
is within 0.45 TeV − 7TeV. This possibility is analyzed altogether with the anomalous magnetic
moments of charged leptons, among which we estimate, for the τ lepton, an anomalous magnetic
moment contribution between ∼ 10−8 and ∼ 10−10 for neutrino masses ranging from 0.5TeV to
6TeV and a W ′ mass between 0.45TeV and 7TeV. The general charged currents are also used
to calculate the branching ratio for µ → eγ, which gets suppressed if the set of masses of heavy
neutrinos is quasidegenerate. In a scenario of nondegenerate neutrino masses, we find that regions
of neutrino and W ′ masses in which the contributions to this flavor changing branching ratio are
lower than the current upper bound exist. We show that such regions can be widened if the W ′
gauge boson mass is larger.
PACS numbers: 13.15.+g, 3.40.Em, 13.40.Gp, 14.60.St
I. INTRODUCTION
The discovery of the Higgs-like particle [1, 2] with
mass around 125GeV, announced by the CMS [3] and
ATLAS [4] Collaborations at the Large Hadron Collider,
has been a remarkable achievement, which, however, is
not a statement that the Standard Model is the last part
of the story. The premise that there is a more fundamen-
tal physical description, beyond the Standard Model,
was fed during years by theoretical issues, but hints of
its nature have finally been provided by experimental
observations that include neutrino oscillations [5, 6],
dark matter [7–9], and perhaps even a new particle with
mass ∼750GeV [10, 11]. The phenomenon of neutrino
oscillations, first observed at Super-Kamiokande, then at
the SNO, and recently confirmed by the determination
of the last mixing angle by the Daya Bay [12] and
RENO [13] Collaborations, has been interpreted as an
effect of neutrino mixing and neutrino mass [14, 15].
Among other things, this event set the quite relevant
question of whether the neutrinos correspond to Dirac
or Majorana fermions. Clues to the answer might come
from experimental searches of the elusive neutrinoless
double beta decay. It has been pointed out that the
electromagnetic properties of massive neutrinos are
very different depending on whether these fermions
are of Dirac or Majorana type [16–20], but they are
elusive and difficult to analyze. An important aspect of
neutrino mixing is that the measurement of a nonzero
value of the θ13 mixing angle rendered it a source of
CP violation. The Pontecorvo-Maki-Nakagawa-Sakata
mixing matrix [21, 22] is able to introduce violations
of such invariance by means of one complex phase, if
neutrinos are Dirac fermions, or even three phases, in
case that neutrinos are Majorana fermions [15, 23].
Certainly, searches for deviations from Standard
Model predictions deserve much attention. The explo-
ration of processes that are quite suppressed, or even
forbidden, in the Standard Model may eventually find
hints about some theory describing nature beyond this
low-energy description. According to Sakharov criteria,
the nonconservation of CP invariance is a necessary
requirement for the baryon asymmetry to occur [24].
The violation of CP symmetry is indeed an effect
that is included in the Standard Model, though in
small amounts, by the complex phase of the Cabibbo-
Kobayashi-Maskawa matrix [25, 26]. Studies aimed at
other sources of CP violation, from physics beyond the
Standard Model, constitute an active topic nowadays.
In particular, diverse investigations as, for instance,
those performed in Refs. [27–39], have explored the
generation of electric dipole moments of elementary par-
ticles through CP violation characterizing new-physics
formulations. Among all the electric dipole moments of
2elementary particles, that of the electron is, doubtless,
the one which has been most stringently bounded [40, 41].
Violation of CP invariance in neutrino mixing might
induce electric dipole moments of charged leptons.
With this motivation, we explore, in the present paper,
the impact of general lepton charged currents on the
electromagnetic form factors of Standard Model charged
leptons at one loop. The charged currents that we
consider involve Standard Model charged leptons, lα,
a heavy charged gauge boson, W ′, and a set of heavy
Dirac neutrinos, Nj . We find that the resulting contri-
butions to diagonal and transition electric and magnetic
moments are free of ultraviolet divergences. Being
aware that, in general, masses originate in spontaneous
symmetry breaking, we assume that the massesmW ′ and
mj , of the W
′ boson and the heavy neutrinos Nj, grow
like ∝ Λ, with some high-energy scale Λ. This allows
us to ensure that the contributions from any neutrino
Nj , through general charged currents, to electric and
magnetic moments, both diagonal and of transition type,
that are featured in the vertex γ lαlβ decouple as Λ→∞.
Our investigation of the electric dipole moments of
charged leptons, in this context of general charged cur-
rents, shows that these quantities arise at the one-loop
level if three conditions are met: 1) the charged currents
violate CP ; 2) the axial and vector terms in the general
currents differ from each other; and 3) the neutrinos are
massive. This is in contrast to the Standard Model con-
tributions from the Cabibbo-Kobayashi-Maskawa phase
to the electric dipole moment of the electron, which
vanish even at the three-loop order [42] and produce, at
four loops, the tiny value ∼ O(10−44) e · cm [43]. Being
the difference among vector and axial charged currents a
necessary condition to produce one-loop electric dipole
moments, we use the upper limit, of order 10−29 e · cm,
on the electric dipole moment of the electron [40, 41]
to estimate that such differences cannot be larger than
∼ 10−10− ∼ 10−7 for TeV-sized heavy-neutrino masses,
with the W ′ mass lying within 0.45TeV− 7TeV.
We enquire into the contributions to the anomalous
magnetic moments of Standard Model charged leptons,
for which we consider first a scenario featuring a heavy-
neutrino mass spectrum that is quasidegenerate. We
also explore what happens if two neutrinos have masses
that are quasidegenerate, but they are different from the
mass of a third neutrino. The difference among axial
and vector terms of general charged currents, which is
essential for electric dipole moments to exist, produces
a subleading contribution to the anomalous magnetic
moments. In both situations, the contributions to the
anomalous magnetic moments turn out to be small in
the case of the electron and the muon. Concerning
the anomalous magnetic moment of the tau lepton, the
contributions range from ∼ 10−10 to ∼ 10−8, which
coincides with values that have been reported for diverse
models of new physics. In the case of a quasidegenerate
set of neutrino masses, we find that the contributions
to the anomalous magnetic moments of all the charged
leptons share the same sign. Contrastingly, in the second
scenario the sign of the contributions can be different,
which is entirely determined by the specific texture of
neutrino mixing.
We calculate and analyze the flavor-changing decay
µ → eγ, which is forbidden in the Standard Model,
but whose presence is allowed by general charged
currents in which neutrinos mix. We find a branching
ratio that is given in terms of transition magnetic and
electric moments. As with the anomalous magnetic
moments, the differences between axial and vector terms
of the general charged currents do not produce, in
most scenarios, the dominant effects. We show that a
quasidegenerate spectrum of neutrino masses renders the
impact of such differences dominant, thus suppressing
the contributions to the transition moments. In a
scenario of two quasidegenerate neutrino masses and one
nondegenerate mass, where such suppression does not
happen, we have verified that certain regions of neutrino
masses and mW ′ keep the branching ratio below the
current upper bound on this flavor changing process,
which is of order 10−13 [40]. We show that these regions
are wider for larger values of the W ′ boson mass.
The paper has been organized in the following man-
ner: in Section II, we define our framework and sketch
the calculation of the one-loop contributions to the fla-
vor changing electromagnetic vertex γ lαlβ; Section III is
dedicated to the one-loop electric dipole moments contri-
butions, where the upper bound on the difference among
vector and axial currents is derived for the case of the
electron; in Section IV, we explore the contributions to
magnetic moments, which we estimate for all the Stan-
dard Model charged leptons for two scenarios of neutrino
masses; the decay µ → eγ is calculated, analyzed and
discussed in Section V; and finally, Section VI is used to
present our conclusions.
II. ELECTROMAGNETIC MOMENTS FROM
GENERAL CHARGED CURRENTS
We start by considering the general set of charged cur-
rents (CC)
LCC = 1
2
√
2
∑
j
∑
α
[
W ′+ρ N¯j γ
ρ(vjα − ajαγ5)lα +H. c.
]
,
(1)
where α = e, µ, τ is a flavor index, so that lα represents
charged leptons, and j = 1, 2, 3 runs over heavy Dirac
neutrinos Nj . We are assuming that vjα 6= ±ajα,
which occurs, for instance, if the W ′ originates from a
mixing of charged gauge bosons. The set of coefficients
vjα and ajα implicitly bear all the information about
3heavy-neutrino mixing, which we assume to violate
CP invariance. While we are restricting our study to
heavy neutrinos, note that, in a more general context,
the sum over j could involve both heavy and light
neutrinos. In such case, the set of coefficients vjα and
ajα, in Eq. (1), could be viewed as entries of nonsquare
complex matrices, which thus would not be restricted
to be unitary, as is the case of the neutrino mass model
analyzed in Ref. [44]. The Greek index ρ, in the W ′
charged boson field, labels spacetime coordinates, with
a sum over any pair of repeated indices. A more general
set of charged currents could include, in addition, other
gauge bosons, as it is the case of the charged currents
that were considered in Ref. [45] to calculate Majo-
rana neutrino magnetic moments in left-right models [46].
The one-loop contributions from the charged currents
given in Eq. (1) to the electromagnetic vertex γ lαlβ , with
lα and lβ being either equal or different, emerge from the
Feynman diagrams shown in Fig. 1. We perform this
.
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FIG. 1: One-loop diagrams contributing to the flavor-
changing electromagnetic vertex.
calculation in the unitary gauge. Taking the external
particles on shell, we find that the resulting vertex func-
tion has the well-known structure of the electromagnetic
vertex parametrization, which is, for instance, provided
in Refs. [28, 47] and which reads1
Γαβµ = ie
[
γµ(f
V
αβ − fAαβ γ5)
−σµνqν
(
i
µαβ
mα +mβ
− dαβ
e
γ5
)]
. (2)
Here, e denotes the unit electric charge (positive), and
mα and mβ are the masses of external charged leptons
lα and lβ . The parameters f
V
αβ , f
A
αβ, µαβ , and dαβ
are, respectively, the one-loop contributions to electric
1 As it is shown in Refs. [48, 49], violation of Lorentz invariance
allows a richer structure of this parametrization.
charge, axial current, anomalous magnetic, and electric
dipole moments. Even though this calculation was car-
ried out on shell and in a specific gauge, all the factors
in Eq. (2) are complicated functions of the masses of
all the fields involved in the contributing diagrams (see
Fig. 1). These are the W ′ boson mass mW ′ , the masses
mα and mβ of charged leptons, and the Nj neutrino
masses mj .
We have verified that for α 6= β the contributions to
fVαβ and f
A
αβ vanish exactly. If α = β the corresponding
nonzero contributions contain ultraviolet divergences,
but they are expected to be absorbed by renormaliza-
tion. The factors µαβ and dαβ corresponding to α 6= β
are respectively called transition magnetic moments
and transition electric moments. On the other hand,
the µα ≡ µαα are the anomalous magnetic moments
and the dα ≡ dαα are the electric dipole moments.
To calculate these loop contributions we utilized the
Passarino-Veltman method [50], which means that all
these electromagnetic moments are expressed in terms
of two-point and three-point scalar functions, B0 and
C0. While the C0 functions are ultraviolet finite, the
B0 functions include such type of divergences. In
the dimensional regularization approach [51] any B0
function can be expressed as [52] B0 = ∆div + ffin, with
all the ultraviolet divergences and the logarithmic cutoff
dependence contained in ∆div, which is shared by all the
two-point functions. Taking advantage of this generic
form of the B0 functions, we have checked that all
ultraviolet divergences in both transition and diagonal
magnetic and electric moments are exactly eliminated,
thus yielding finite results for these quantities. This
is consistent because the magnetic and electric dipole
Lorentz structures are exclusively generated at the loop
level.
After performing the calculation, we found it conve-
nient to write down the magnetic and electric moments
as
µα =
∑
j
( |ajα|2MAjα + |vjα|2MVjα ) , (3)
dα =
∑
j
i
(
vjαa
∗
jα − ajαv∗jα
)
Djα · e , (4)
µαβ =
∑
j
[
ajα a
∗
jβ M
A
j,αβ + vjα v
∗
jβ M
V
j,αβ
]
, (5)
dαβ =
∑
j
i
[
ajα v
∗
jβ Dj,αβ + vjα a
∗
jβ Dj,αβ
] · e, (6)
each of them with a sum over the index j, because of
neutrinos circulating in the loops. All the dependence
of these electromagnetic moments on Passarino-Veltman
functions and, in general, on the masses of particles (see
Fig. 1), lies within the real-valued factors MAjα, M
V
jα,
Djα, M
A
j,αβ, M
V
j,αβ , Dj,αβ, and Dj,αβ . The explicit
4expressions of all these factors, in terms of Passarino-
Veltman scalar functions, are provided in Appendix A.
Eq. (3) shows that the anomalous magnetic moments µα
are real quantities, which also occurs with the electric
dipole moments dα, Eq. (4), whose terms within the neu-
trino sum are proportional to Im(v∗jαajα). The transition
moments µαβ and dαβ are, in general, complex numbers.
Let us point out that the charged currents provided in
Eq. (1) violate CP invariance if at least vjα or ajα is
a complex number, but they preserve this symmetry if
both of them are real quantities [45]. It can be appreci-
ated from Eq. (4) that the contributions to the electric
dipole moment of a charged lepton lα are nonzero only
if CP is violated by the charged currents of Eq. (1) and
vjα 6= ±ajα. Eqs. (3), (5), and (6) clearly show that
conservation of the CP symmetry and/or fulfillment of
the condition vjα = ±ajα does not forbid the existence
of contributions to all other electromagnetic moments.
In particular, the status of CP symmetry, in this con-
text, is completely irrelevant to the anomalous magnetic
moment µα, as it can be observed in Eq. (3).
III. ELECTRIC DIPOLE MOMENTS AT ONE
LOOP
In this section we turn our attention to the diagonal
electric dipole moments, whose general structure is
the one given in Eq. (4). Since the assumption that
vjα 6= ajα is a necessary requirement to have nonzero
electric dipole moments, we find it suitable to introduce
the difference ∆jα ≡ ajα − vjα. Furthermore, because
CP violation is also necessary, we assume that ajα
and vjα are complex quantities. The diagonal electric
moments that we just showed, in Eq. (4), are sums of
contributions from the massive neutrinos Nj . For each
of such contributions we use the notation djα, so that
the total contribution is expressed as dα =
∑
j djα.
In Ref. [53], the Higgs decay into two quarks, in the
context of the Standard Model, was recently revisited.
An interesting element of this study was a “heavy mass
limit”, in which the masses of internal quarks, mqint , and
the W boson mass, mW , were taken to be the same for
a very large electroweak scale v, that is, mW = mqint for
very large v. It was then observed and discussed that,
as long as this condition is fulfilled, the decay amplitude
H → qiqj goes to zero if v → ∞, which was used as
a consistency check. In the present paper, we assume
that some high-energy scale, Λ, is associated with the
generation of the masses mj and mW ′ , by spontaneous
symmetry breaking, so that mW ′ and mj grow with the
same scale Λ. In this context, we reasonably assume that
for large Λ the relation mW ′ ≈ κjmj holds, with κj in-
dependent of Λ. This allows us to write any contribution
djα as
djα ≈ 2e|∆jα||vjα| sinφjα
(16pi)2κ2j(κ
2
j − 1)4mj
{
(κj − 1)(4κ6j − 15κ4j
+12κ2j + 6κ
2
j log κ
2
j − 1) +
1
2
m2α
m2j
[
2κ6j + 19κ
4
j
−14κ2j − 7− 2(6κ4j + 8κ2j + 1) log κ2j
]}
, (7)
for small mα. From this expression of djα, it is clear
that the contributions to the electric dipole moment dα
decouple, since djα → 0 for mj → ∞. Note that the
κj factors are independent of the flavor of the charged
lepton. The angle φjα, which is part of Eq. (7), is a phase
difference of the complex phases of vjα and ∆jα. This
phase difference is one of the elements that determines
the sign and the magnitude of any contribution to the
electric dipole moment dα. In particular, if for some
j the coefficients ajα and vjα were CP preserving,
then φjα = 0, which, consistently, would eliminate the
corresponding djα contribution.
So far, experiments have not observed electric dipole
moments of elementary particles, and this lack of
measurements has been translated into upper bounds.
The electric dipole moment of the electron has received
special attention among all electric dipoles of elementary
particles, being the one which has been most stringently
bounded. Experiments with thallium atoms and yt-
terbium fluoride molecules achieved upper bounds of
order 10−27e · cm on |de| [54–56]. The current champion,
however, is the upper bound recently established by the
ACME Collaboration [41], which reached an important
improvement finding |de| < 8.7 × 10−29e · cm, at 90%
C.L. The huge difference, of 15 orders of magnitude,
between the Standard Model contribution [43] and
the current experimental sensitivity has motivated the
introduction of new CP -violating physics, pursuing
less suppressed values for this observable. Particularly,
the authors of Ref. [57] asserted that in the presence
of Majorana neutrinos, a two-loop contribution to the
electric dipole moment of the electron is produced.
Other investigations concerning electric dipole moments
and massive neutrinos were carried out in Refs. [58, 59].
Now we discuss the contribution dα to the electric
dipole moment of the charged lepton lα by exploring a
scenario in which the masses mj , of the neutrinos Nj ,
constitute a quasidegenerate spectrum, that is,mj ≈ mk,
for any j and k. With this in mind, we consider some
massmN such thatmN ≈ mj for any j. Neglecting terms
of order m2α/m
2
j , which are suppressed subleading contri-
butions, and using the aforementioned upper bound on
|de|, by the ACME Collaboration, we set, in this context
of quasidegenerate heavy-neutrino masses, the inequality
5∣∣∣∣∣∣
∑
j
|∆je||vje| sinφje
∣∣∣∣∣∣ . 5.56× 10
−12m
2
W ′
mN
∣∣∣∣∣∣
(m2W ′ −m2N )3
m6N − 12m4Nm2W ′ + 15m2Nm4W ′ − 4m6W ′ + 6m4Nm2W ′ log
(
m2
N
m2
W ′
)
∣∣∣∣∣∣GeV
−1.
(8)
Pertaining to this inequality, in Table I we provide, for il-
lustrative purposes, some values of its right-hand side for
some choices of the massesmW ′ andmN . There, the first
column has values of themW ′ mass, whereas all the other
cells represent the values of the upper bounds on the fac-
tor |∑j |∆je||vje| sinφje| for each pair (mN , mW ′) that
is represented by a column mN and a row corresponding
to a value of mW ′ . According to this table, the right-
hand side of Eq. (8) lies within ∼ 10−10 to 10−7, for mN
between 0.5TeV and 6TeV, and mW ′ between 0.45TeV
and 6TeV. The values of the phase differences φjα may
yield either constructive or destructive effects in the left-
hand side of this equation, which would, respectively, in-
crease or reduce its size. Moreover, the factors vjα also
play a role in the definition of the size of the terms that
contribute to this factor. Nevertheless, in most scenarios
this equation should be understood as a guide telling us
how small the |∆je| factors are, or, in other words, how
close the aje and vje are to each other. We could say
that, except for specific scenarios in which for some j we
have |vje| ≈ 0 or sinφjα ≈ 0, or when a set of particular
values of the phases φjα yields a destructive effect, the
upper bound on each factor |∆je| is quite similar to those
shown in Table I. For a more or less democratic mixing,
mW ′ mN = 0.5 TeV mN = 2 TeV mN = 6 TeV
0.45 TeV 7.78 × 10−10 3.60 × 10−10 1.67× 10−10
3 TeV 2.55× 10−8 7.44 × 10−9 3.69 × 10−9
7 TeV 1.37× 10−7 3.57 × 10−8 1.44 × 10−8
TABLE I: Upper bounds on |∑
j
|∆je||vje| sinφje| for differ-
ent values of the masses mW ′ and mN .
defining the vje coefficients, we expect a similar conclu-
sion in scenarios that are characterized by nondegenerate
sets of heavy-neutrino masses. We also want to point out
that, as Eq. (8) shows, the dominant effects of the contri-
butions djα are independent of the mass of the charged
lepton, which means that the strictness of the bounds on
the |∆jα| factors is entirely determined by how stringent
the bounds are on |dα|. In the review of the Particle Data
Group [40], the interval dµ = (−0.1± 0.9)× 10−19e · cm,
for the electric dipole moment of the muon, has been
reported. Since this bound is weaker than that on the
electric dipole moment of the electron by ∼ 10 orders
of magnitude, Eq. (8) establishes bounds on the factors
|∆jµ| that are much less restrictive, by the same amount,
than those for the factors |∆je|.
IV. ANOMALOUS MAGNETIC MOMENTS
Analogously to what we did with the electric dipole
moments, we denote each neutrino contribution to the
magnetic moment µα by µjα, in which case we have that
µα =
∑
j µjα. It turns out that, for large Λ, any contri-
bution µjα is given by
µjα ≈ 2|vjα|mα
mj
{
θjα|∆jα|z1,j + |vjα|mα
mj
z2,j
}
, (9)
with the factors z1,j and z2,j given by
z1,j =
−2
(16pi)2κ2j
(
κ2j − 1
)
3
[
4κ6j − 15κ4j + 12κ2j
+6κ2j log κ
2
j − 1
]
, (10)
z2,j =
−1
4(16pi)2κ2j
(
κ2j − 1
)
4
[
26κ8j − 157κ6j
+193κ4j − 91κ2j + 29
+2
(
8κ6j + 30κ
4
j − 5κ2j + 3
)
log κ2j
]
, (11)
and where θjα = sgn( |ajα| − |vjα| ) By looking at
Eqs. (10) and (11), we conclude that the contribution
displayed in Eq. (9), to the anomalous magnetic moment
µα, is a decoupling quantity. As one can appreciate from
Eq. (9), a feature of the contributions µjα that contrasts
with the electric dipole contributions djα, shown in
Eq. (7), is that their dominant effects include powers of
the ratio mα/mj . About which of the two terms that
we included in Eq. (9) dominates the contribution µjα,
let us point out that, for most situations, the coefficients
z1,j and z2,j contribute in similar amounts. In Fig. 2,
we show the functions z1,j and z2,j for different values
of the neutrino mass mj , with mW ′ fixed. In both
figures, the blue solid curves represent the coefficient
z1,j, while for the coefficient z2,j we have used the
magenta dashed curves. The plots in the upper figure,
corresponding to mW ′ = 0.45TeV, show that the
coefficient z1,j remains negative for all the values of the
neutrino mass mj between 0.5TeV and 7TeV, but z2,j,
on the other hand, changes from negative to positive,
vanishing at mj ≈ 4889.21GeV. In the lower figure,
for which we considered mW ′ = 2TeV, we observe that
the z2,j still changes its sign, but the point at which it
is equal to zero shifts to mj ≈ 21729.8GeV. Within
a narrow neighborhood around the value mj at which
z2,j becomes zero, the first term of Eq. (9) would be
the leading contribution to µjα, over the second term
6FIG. 2: Behavior of z1,j and z2,j for mixed mW ′ and as func-
tion of mj . The units used in the mj axis are TeVs.
of this expression. For all other values of mj , we have
to compare the factor |∆jα| with |vjα|(mα/mj). From
Eq. (8) and Table I, we note that for many values of
mW ′ and mj it happens that (me/mN ) ≫ |∆je|, in
the case of a quasidegenerate spectrum of neutrino
masses. As we mentioned during the discussion of the
last section, the same conclusion is expected in more
general scenarios of neutrino masses. We do not have
stringent bounds for |∆jµ| nor |∆jτ |. Even so, inspired
by the upper bounds that we observed for the factors
|∆je|, we assume that (mα/mj)≫ |∆jα|, for any α and
for any j. Thus, barring a particular mixing in which
|vjα| ≈ 0, we observe that the dominant contribution
in Eq. (9) comes from its second term. If the latter
conditions are fulfilled in a scenario in which z2,j ≈ 0,
then the resulting contribution µjα gets suppressed by
small |∆jα| factors.
As a concrete situation, we consider, again, a spectrum
of masses of neutrinos that is quasidegenerate and, addi-
tionally, we assume that conditions under which the dom-
inant contribution to µjα comes from the second term of
Eq. (9) are fulfilled. Under such circumstances, the to-
tal contribution to the anomalous magnetic moment µα
acquires the form
µα ≈ 1
2(16pi)2
m2α
m2W ′(m
2
N −m2W ′)4
{
− 29m8N
+91m6Nm
2
W ′ − 193m4Nm4W ′ + 157m2Nm6W ′
−26m8W ′ + 2
[
3m8N − 5m6Nm2W ′ + 30m4Nm4W ′
+8m2Nm
6
W ′
]
log
(
m2N
m2W ′
)}
. (12)
Since, according to Eq. (12), the three magnetic mo-
ments µe, µµ and µτ differ from each other only by the
factor m2α, all of them share the same sign. Among
the anomalous magnetic moments of charged leptons,
the most accurate investigations, in the context of the
Standard Model, have been performed in the cases
of the muon and the electron [60–62]. The current
discrepancies among the values measured by experi-
ments [63–65] and the predictions from the Standard
Model are ∆µµ = µ
exp
µ − µSMµ = 249 (87) × 10−11 and
∆µe = µ
exp
e −µSMe = −1.06 (0.82)× 10−12 [60, 61], which
means that this is a good place to look for suppressed
new physics. Interpreting the contributions given by
Eq. (12) as lying within such differences between theory
and experiment, in the scenario of quasidegenerate
neutrino-masses spectrum, would not make sense at
all on such theory-experiment grounds. The reason
is that the difference ∆µµ defines an interval filled
with positive numbers and ∆µe is associated with an
interval with points that are exclusively negative, but,
as we just emphasized, µα has the same sign for any
α = e, µ, τ , so it is impossible to make these images
compatible. In Tables II, III and IV, we provide
mW ′ mN = 0.5TeV mN = 2TeV mN = 6TeV
0.45 TeV −5.62× 10−15 −2.52 × 10−15 6.02 × 10−16
3 TeV −1.51× 10−16 −1.41 × 10−16 −1.01× 10−16
7 TeV −2.76× 10−17 −2.77 × 10−17 −2.48× 10−17
TABLE II: Some values of µe for different choices of mj and
mW ′ .
mW ′ mN = 0.5TeV mN = 2TeV mN = 6TeV
0.45 TeV −2.42× 10−10 −1.08 × 10−10 2.59 × 10−11
3 TeV −6.51× 10−12 −6.08 × 10−12 −4.34× 10−12
7 TeV −1.19× 10−12 −1.19 × 10−12 −1.07× 10−12
TABLE III: Some values of µµ for different choices of mj and
mW ′ .
some values for the contributions µα, respectively for
the cases of the electron, the muon and the tau. By
examination of Table IV, we find values of µτ that
range from ∼ 10−10 – 10−8. The Standard Model
contribution to the anomalous magnetic moment of the
τ lepton was accurately calculated in Ref. [66], where
7mW ′ mN = 0.5TeV mN = 2TeV mN = 6TeV
0.45 TeV −6.80 × 10−8 −3.04× 10−8 7.28× 10−9
3 TeV −1.83 × 10−9 −1.71× 10−9 −1.22× 10−9
7 TeV −3.34× 10−10 −3.35× 10−10 −3.00× 10−10
TABLE IV: Some values of µτ for different choices of mj and
mW ′ .
the value µSMτ = 117721(5) × 10−8 was reported. This
value is larger, by several orders of magnitude, than the
prediction of the present work, which, however, is not
so different from contributions produced by Standard
Model extensions. In the case of the Minimal Supersym-
metric Standard Model with a mirror fourth generation,
the authors of Ref. [67] calculated contributions to µτ
that lie between ∼ 10−9 and ∼ 10−6. Anomalous tau
magnetic moments arising within seesaw models were
explored in Ref. [68], where values of orders 10−8 and
10−9 were respectively determined for the type I and
type III versions of seesaw models. It was found in
Ref. [69] that different scenarios allow a spin-0 unparticle
to produce contributions to µτ in the wide range of
values ∼ 10−10− ∼ 10−6, though the authors of this
reference noticed and emphasized that certain scenarios
could generate even larger contributions than that of the
Standard Model. Ref. [70] includes a calculation of the
contributions from scalar leptoquark interactions to the
tau anomalous magnetic moment, with values between
∼ 10−9 and ∼ 10−8.
Is it possible to have factors µα in which the signs of
the contributions for two different α are different from
each other? Indeed, the answer is: yes. To illustrate this
point, we investigate a scenario in which the heavy neu-
trino N1 has a mass m1 that is different from the masses
m2 and m3, of the neutrinos N2 and N3, but m2 ≈ m3.
Then we think of some mass mN such that mN ≈ m2
and mN ≈ m3. Assuming that the factors vjα are com-
ponents of a matrix that is, at least, approximately uni-
tary 2 and using the standard parametrization of unitary
matrices, in terms of mixing angles θki and one complex
phase, we find that
µe ≈ 2m2e
{c212c213
m21
z2,1 +
(1 − c212c213)
m2N
z2,N
}
, (13)
µµ ≈ 2m2µ
{s212c213
m21
z2,1 +
(1− s212c213)
m2N
z2,N
}
, (14)
µτ ≈ 2m2τ
{s213
m21
z2,1 +
c213
m2N
z2,N
}
, (15)
where we have used the conventional notation cik =
cos θik, sik = sin θik. In regions of the plane (mW ′ ,m1)
2 Note that the quantities vjα might involve, for instance, factors
from a mixing of charged gauge bosons.
and (mW ′ ,mN ) in which neither z2,1 nor z2,N is close
to zero, the sign of each µα is determined by the mixing
angles. For instance, take a look at Fig. 3, which corre-
sponds to the choices mW ′ = 0.45TeV, m1 = 9TeV,
mN = 1.5TeV. The upper graph shows the plane
(θ12, θ13), with these angles running from 0 to pi. Within
such a plane, we have colored in magenta a region in
which the conditions µe < 0, µµ > 0, µτ < 0 are ful-
filled simultaneously. The dashed lines are the borders of
the regions corresponding to each of such conditions. For
FIG. 3: Intersection of regions in which µe < 0, µµ > 0, and
µτ < 0 hold.
clarity purposes, we have added the three lower graphs
to Fig. 3. They show, separately and in color, the re-
gions of the aforementioned conditions: the green one is
the region for µe < 0; yellow corresponds to the region
for µµ > 0, and blue has been used for the region in
which µτ < 0. We have checked that the values of the
factors 2z2,1(m
2
α/m
2
1) and 2z2,N(m
2
α/m
2
N) are similar to
those shown in Tables II, III, and IV, which means that
the contributions µα in this scenario of heavy-neutrino
masses are also similar to those in the quasidegenrate
spectrum scenario. Even though in the present scenario
of neutrino masses it is possible to tune the sign of the
contributions to the anomalous magnetic moments µα,
it is still not correct to interpret them as the differences
∆µe and ∆µµ, because the contributions produced by
the present model are too small and cannot fall in the
8regions defined by such data, unless the mW ′ mass is
unacceptably small.
V. THE FLAVOR CHANGING DECAY µ → eγ
The decay rate Γ(lα → lβγ) is expressed in terms of the
transition electromagnetic moments dαβ and µαβ , given
in Eqs. (5) and (6). In such equations we wrote these
transition moments in terms of the coefficients MAj,αβ,
MVj,αβ, Dj,αβ , and Dj,αβ , which can be conveniently ex-
pressed, for small masses mα and mβ , as
MAj,αβ ≈
mα +mβ
mj
η
(1)
j +
m2α +m
2
β
m2j
η
(2)
j +
mαmβ
m2j
η
(3)
j ,
(16)
MVj,αβ ≈ −
mα +mβ
mj
η
(1)
j +
m2α +m
2
β
m2j
η
(2)
j +
mαmβ
m2j
η
(3)
j ,
(17)
Dj,αβ ≈ 1
mj
ω
(1)
j +
m2α +m
2
β
m2j(mα −mβ)
ω
(2)
j
+
mαmβ
m2j(mα −mβ)
ω
(3)
j , (18)
Dj,αβ ≈ − 1
mj
ω
(1)
j +
m2α +m
2
β
m2j(mα −mβ)
ω
(2)
j
+
mαmβ
m2j(mα −mβ)
ω
(3)
j , (19)
where the factors η
(n)
j and ω
(n)
j , whose explicit expres-
sions can be found in Appendix B, depend only on κj .
This means that these factors are independent of the
energy scale Λ, in turn implying that the right-hand
sides of Eqs. (16) to (19) go to zero in the limit in which
Λ → ∞. Thus, the transition moments µαβ and dαβ
decouple.
Let us write the transition moments µαβ and dαβ as
µαβ =
∑
j
{
vjαv
∗
jβ(M
A
j,αβ +M
V
j,αβ)
+
(
∆jαv
∗
jβ + vjα∆
∗
jβ +∆jα∆
∗
jβ
)
MAj,αβ (20)
dαβ =
∑
j
ie
{
vjαv
∗
jβ(Dj,αβ +Dj,αβ)
+∆jαv
∗
jβDj,βα + vjα∆
∗
jβDj,αβ
}
. (21)
Looking at Eq. (20), we wish to emphasize that, accord-
ing to Eqs. (16) and (17), all the terms in (MAj,αβ+M
V
j,αβ)
that are linear in mα/mj and mβ/mj cancel exactly, so
that the leading contributions in this sum are terms of
orders m2α/m
2
j , m
2
β/m
2
j , and (mαmβ)/m
2
j . In contrast,
the sole factor MAj,αβ has lower-order contributions
with respect to mα/mj and mβ/mj. Nevertheless, all
the terms that are proportional to MAj,αβ in Eq. (20)
also involve factors |∆jα|. Recalling that, based on
our analysis on the electric dipole moment of the
electron, we assumed that mα/mj ≫ |∆jα|, for any
α, it turns out that the leading contributions to the
whole transition moment µαβ come from the sum of
terms vjαv
∗
jβ(M
A
jαβ + M
V
j,αβ), in Eq. (20). Similar
arguments lead us to conclude that it is the sum of
terms vjαv
∗
jβ(Dj,αβ + Dj,αβ), in Eq. (21), the one that
produces the dominant contributions to the transition
electric moments dαβ . The neutrino masses are a
main aspect that determines the size of µαβ and dαβ .
Concerning this point, it is worth noting that for a
quasidegenerate spectrum of neutrino masses it happens
that MAj,αβ ≈ MAk,αβ for any j and k, and something
analogous for the factors MVj,αβ, Dj,αβ , and Dj,αβ . In
such a case, the condition
∑
j vjαv
∗
jβ = δαβ largely
suppresses the contributions
∑
j vjαv
∗
jβ(M
A
j,αβ +M
V
j,αβ)
and
∑
j ie vjαv
∗
jβ(Dj,αβ +Dj,αβ). Since all other contri-
butions are proportional to factors |∆jα| and |∆jβ |, we
observe that both transition moments µαβ and dαβ then
get simultaneously suppressed.
Now we concentrate on the case α = µ, β = e, cor-
responding to the decay µ → eγ. This process cannot
happen in the Standard Model, and even in the min-
imal extension, where its neutrinos are endowed with
masses, the resulting contribution to this decay is tiny,
of order 10−54 [71]. In order to avoid the suppression of
contributions by a quasidegenerate neutrino-mass spec-
trum, which we described above, we develop the discus-
sion within a context in which the neutrino mass m1 is
different from m2 and m3, but m2 ≈ m3. As we did in
the previous section, we use the mass mN to characterize
m2 and m3. We write the leading contribution to the
decay rate Γ(µ→ eγ) as
9Γ(lµ → leγ) = e
2s212c
2
12c
4
13
pi
(m2µ −m2e)3
m3µm
4
1m
4
N
{[
(m2µ +m
2
e)(m
2
Nη
(2)
1 −m21η(2)N ) +mµme(m2Nη(3)1 −m21η(3)N )
mµ +me
]2
+
[
(m2µ +m
2
e)(m
2
Nω
(2)
1 −m21ω(2)N ) +mµme(m2Nω(3)1 −m21ω(3)N )
mµ −me
]2}
. (22)
The MEG Collaboration has established the most strin-
gent upper bound on the branching ratio for the decay
µ→ eγ, which they reported to be 5.7×10−13 [40, 72]. In
Fig. 4, we show the (κ1, κN ) plane, with κ1 running from
FIG. 4: Regions, in the (κ1, κN ) plane, in which Br(µ →
eγ) < 5.7× 10−13, barring mixing dependence. The width of
each region is determined by the mass mW ′ .
1.1 to 1.6 and κN ranging between 0.01 and 0.9. This
election of intervals for κ1 and κN describes a set of sce-
narios in which m1 < mW ′ and mN > mW ′ . Within this
plane, we have included different colored regions that in-
clude all the values (κ1, κN ) for which the branching ratio
Br(µ→ eγ), calculated with Eq. (22), remains lower than
the aforementioned upper bound, with each of these re-
gions corresponding to different values of the mass mW ′ ,
of the heavy charged boson W ′. As we can appreciate
from this figure, the larger the mass mW ′ , the wider the
region. To devise this graph, we have not considered the
angular dependence, on the mixing angles θ12 and θ13
featured in Eq. (22), so that these regions correspond
to optimal values of such mixings. The narrowest region,
which we colored in yellow, was plotted formW ′ = 2TeV.
In this region, if a particular value for, say, κ1 is fixed, the
set of allowed values for κN lies within a small interval.
On the other hand, the widest region (mW ′ = 8TeV), in
dark blue, provides more flexibility, since a fixed value κ1
imposes minimal restrictions on the allowed values of κN .
Other physical contexts, in which the values of (κ1, κN )
are different from those shown in Fig. 4, yield analogous
regions, in which the same pattern that we just described
holds.
VI. CONCLUSIONS
In the light of the confirmation that the phenomenon
of neutrino oscillations exists, including neutrino mixing,
neutrino mass and CP violation, in this paper we
have explored a model in which heavy neutrinos and a
heavy W ′ gauge boson, both originating in some high
energy formulation, couple with charged leptons from
the Standard Model in a set of general charged currents
characterized by vector and axial terms that differ from
each other, though by a small amount. We have shown
that, as long as 1) such difference is present, 2) CP is
violated by these charged currents, and 3) neutrinos are
massive, then nonzero contributions from such charged
currents to electric dipole moments of charged leptons
arise at one loop. We have used the most stringent upper
bound on the electron electric dipole moment, recently
reported by the ACME Collaboration, to estimate that
the upper bound on the difference between the vector
and axial parts of the charged currents characterizing
the electron is within ∼ 10−10−10−7, for heavy neutrino
masses in the range 0.5TeV − 7TeV and a mass mW ′
between 0.45TeV and 7TeV. We have also performed
an analysis of the contributions to anomalous magnetic
moments in two scenarios with different neutrino mass
spectra, which are a quasidegenerate set of heavy-
neutrino masses and a spectrum in which two neutrino
masses are quasidegenerate and the third one is not close
to them. We have determined the size of the contribu-
tions from general charged currents to the anomalous
magnetic moments of the Standard Model charged
leptons. In particular, we provided an estimation of the
anomalous magnetic moment of the tau lepton, which
turned out to be within the range ∼ 10−10 − 10−8
for the aforementioned values of the neutrino and W ′
masses. The last part of the discussion was devoted
to flavor-changing decays of Standard Model charged
leptons into another charged lepton and a photon. We
pointed out that a quasidegenerate spectrum of neutrino
masses lowers the value of the contribution to this
decay, since in this context the leading contributions
are proportional to factors characterizing the difference
among axial and vector charged currents, which are
tiny. In the case of a more general set of neutrino
10
masses, we showed that in certain regions of neutrino
masses, for fixed W ′ mass, the contributions from the
branching ratio Br(µ → eγ) remain below the upper
bound reported by the Particle Data Group. We have
illustrated that such region widens as we take larger
values of the mass mW ′ .
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Appendix A: Exact analytic expressions of factors in
the magnetic and electric moments
In Eqs. (3) to (6) we gave the general form of the con-
tributions to magnetic and electric moments of charged
leptons. These expressions are written in terms of mass-
dependent factors MAjα, M
V
jα, Djα, M
A
j,αβ , M
V
j,αβ, Dj,αβ ,
and Dj,αβ , whose exact analytic expressions are provided
in this Appendix. Using the standard definitions
B0(p
2,m20,m
2
1) =
(2piµ)4−D
ipi2
∫
dDk
1[
k2 −m20
][
(k + p)2 −m21
] , (A1)
C0(q
2, p2, (q − p)2,m20,m21,m22) =
(2piµ)4−D
ipi2
∫
dDk
1[
k2 −m20
][
(k + q)2 −m21
][
(k + q − p)2 −m22
] , (A2)
we have the following expressions:
MAjα =
1
2(16pi)2m2αm
2
W ′
{
2 (mj −mW ′) (mj +mW ′)
(
(mj +mα)
2 + 2m2W ′
)
B0(0,m
2
j ,m
2
W ′) +
(
2m3jmα
+m2j
(
3m2W ′ − 4m2α
)− 2mjmα (m2α − 5m2W ′)+ 3m4j +m4α + 15m2αm2W ′ − 6m4W ′
)
B0(0,m
2
W ′ ,m
2
W ′)
−
(
− 2mjm3α +m2α
(
13m2W ′ − 2m2j
)
+ 6mjmα
(
m2j +m
2
W ′
)
+ 5
(
m2jm
2
W ′ +m
4
j − 2m4W ′
)
+m4α
)
B0(m
2
α,m
2
j ,m
2
W ′) + (−mj −mα +mW ′) (mj +mα +mW ′)
(
4m3jmα +m
2
j
(
2m2α − 3m2W ′
)
+2mjmα
(
m2W ′ − 2m2α
)− 3m4j +m4α − 11m2αm2W ′ + 6m4W ′
)
C0(m
2
α,m
2
α, 0,m
2
W ′ ,m
2
j ,m
2
W ′)
−2m2α
(
(mj +mα)
2 + 2m2W ′
)}
, (A3)
MVjα =
1
2(16pi)2m2αm
2
W ′
{
2 (mj −mW ′) (mj +mW ′)
(
(mj −mα) 2 + 2m2W ′
)
B0(0,m
2
j ,m
2
W ′) +
(
2mjm
3
α
+m2α
(
15m2W ′ − 4m2j
)− 2mjmα (m2j + 5m2W ′)+ 3 (m2jm2W ′ +m4j − 2m4W ′)+m4α
)
B0(0,m
2
W ′ ,m
2
W ′)
−
(
2mjm
3
α +m
2
α
(
13m2W ′ − 2m2j
)− 6mjmα (m2j +m2W ′)+ 5 (m2jm2W ′ +m4j − 2m4W ′)
+m4α
)
B0(m
2
α,mj ,m
2
W ′) + (mj −mα +mW ′) (−mj +mα +mW ′)
(
4mjm
3
α +m
2
α
(
2m2j − 11m2W ′
)
−2mjmα
(
2m2j +m
2
W ′
)− 3 (m2jm2W ′ +m4j − 2m4W ′)+m4α
)
C0(m
2
α,m
2
α, 0,m
2
W ′ ,m
2
j ,m
2
W ′)
−2m2α
(
(mj −mα) 2 + 2m2W ′
)}
, (A4)
Djα =
mj
(16pi)2m2αm
2
W ′
{(
m2j −m2α − 4m2W ′
) (
B0(m
2
α,m
2
j ,m
2
W ′)−B0(0,m2W ′ ,m2W ′)
)
− (−m2j (2m2α + 5m2W ′)+m4j +m4α − 3m2αm2W ′ + 4m4W ′)C0(m2α,m2α, 0,m2W ′ ,m2j ,m2W ′)
}
, (A5)
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MAj,αβ =
1
(16pi)2mαmβ(m2α −m2β)m2W ′
{(
m2α −m2β
) (
m2W ′ −m2j
) (
(mj +mα) (mj +mβ) + 2m
2
W ′
)
B0(0,m
2
j ,m
2
W ′)
−mβ
(
m4j (2mα +mβ) +m
3
jmβ (mα +mβ) +m
2
j
(
(2mα +mβ)m
2
W ′ −mα
(
mαmβ + 2m
2
α +m
2
β
))
−mj (mα +mβ)
(
m2αmβ + (mβ − 6mα)m2W ′
)
+m3αm
2
β − 2 (2mα +mβ)m4W ′
+mα (2mα +mβ) (2mα + 3mβ)m
2
W ′
)
B0(m
2
α,m
2
j ,m
2
W ′) +mα
(
m4j (mα + 2mβ) +m
3
jmα (mα +mβ)
+m2j
(
(mα + 2mβ)m
2
W ′ −mβ
(
mαmβ +m
2
α + 2m
2
β
))−mj (mα +mβ) (mαm2β + (mα − 6mβ)m2W ′) (A6)
+m2αm
3
β − 2 (mα + 2mβ)m4W ′ +mβ (mα + 2mβ) (3mα + 2mβ)m2W ′
)
B0(m
2
β ,m
2
j ,m
2
W ′)
+2mαmβm
2
W ′
(
m2α −m2β
) (− 3mj (mα +mβ) +m2j − 3mαmβ − 2m2α − 2m2β
+2m2W ′
)
C0(m
2
α,m
2
β , 0,m
2
W ′ ,m
2
j ,m
2
W ′) +mαmβ
(
m2α −m2β
) (
(mj +mα) (mj +mβ) + 2m
2
W ′
)}
, (A7)
MVj,αβ =
1
(16pi)2mαmβ(m2α −m2β)m2W ′
{(
m2α −m2β
) (
m2W ′ −m2j
)( −mj (mα +mβ) +m2j +mαmβ
+2m2W ′
)
B0(0,m
2
j ,m
2
W ′)−mβ
(
m4j (2mα +mβ)−m3jmβ (mα +mβ) +m2j
(
(2mα +mβ)m
2
W ′
−mα
(
mαmβ + 2m
2
α +m
2
β
) )
+mj (mα +mβ)
(
m2αmβ + (mβ − 6mα)m2W ′
)
+m3αm
2
β
−2 (2mα +mβ)m4W ′ +mα (2mα +mβ) (2mα + 3mβ)m2W ′
)
B0(m
2
α,m
2
j ,m
2
W ′)
+mα
(
m4j (mα + 2mβ)−m3jmα (mα +mβ) +m2j
(
(mα + 2mβ)m
2
W ′ −mβ
(
mαmβ +m
2
α + 2m
2
β
))
+mj (mα +mβ)
(
mαm
2
β + (mα − 6mβ)m2W ′
)
+m2αm
3
β − 2 (mα + 2mβ)m4W ′
+mβ (mα + 2mβ) (3mα + 2mβ)m
2
W ′
)
B0(m
2
β ,m
2
j ,m
2
W ′) + 2mαmβm
2
W ′(m
2
α −m2β)
(
3mj (mα +mβ)
+m2j − 3mαmβ − 2m2α − 2m2β + 2m2W ′
)
C0(m
2
α,m
2
β, 0,m
2
W ′ ,m
2
j ,m
2
W ′)
+mαmβ(m
2
α −m2β)
(−mj (mα +mβ) +m2j +mαmβ + 2m2W ′)
}
, (A8)
Dj,αβ =
1
(16pi)2mαmβ (mα −mβ)2 (mα +mβ)m2W ′
{
(m2α −m2β)
(
m2W ′ −m2j
) (
(mj +mα) (mj −mβ)
+2m2W ′
)
B0(0,m
2
j ,m
2
W ′) +mβ
(
m4j (2mα −mβ) +m3jmβ (mβ −mα) +m2j
(
(2mα −mβ)m2W ′
−mα
(−mαmβ + 2m2α +m2β)
)
+mj (mα −mβ)
(
m2αmβ + (6mα +mβ)m
2
W ′
)
+m3αm
2
β
+2 (mβ − 2mα)m4W ′ +mα
(−8mαmβ + 4m2α + 3m2β)m2W ′
)
B0(m
2
α,m
2
j ,m
2
W ′) +mα
(
m4j (mα − 2mβ)
+m3jmα (mα −mβ) +m2j
(
mβ
(−mαmβ +m2α + 2m2β)+ (mα − 2mβ)m2W ′)−mj (mα −mβ)
(
mαm
2
β
+(mα + 6mβ)m
2
W ′
)
−m2αm3β − 2 (mα − 2mβ)m4W ′
−mβ (mα − 2mβ) (3mα − 2mβ)m2W ′
)
B0(m
2
β ,m
2
j ,m
2
W ′)− 2mαmβm2W ′(m2α −m2β)
(
3mβ (mj +mα)
−3mjmα +m2j − 2m2α − 2m2β + 2m2W ′
)
C0(m
2
α,m
2
β, 0,m
2
W ′ ,m
2
j ,m
2
W ′)
−mαmβ(m2α −m2β)
(
(mj +mα) (mj −mβ) + 2m2W ′
)}
, (A9)
12
Dj,αβ =
1
(16pi)2mαmβ (mα −mβ)2 (mα +mβ)m2W ′
{
(m2α −m2β)
(
m2W ′ −m2j
)(
(mj −mα) (mj +mβ)
+2m2W ′
)
B0(0,m
2
j ,m
2
W ′) +mβ
(
m4j (2mα −mβ) +m3jmβ (mα −mβ)
+m2j
(
(2mα −mβ)m2W ′ −mα
(−mαmβ + 2m2α +m2β))−mj (mα −mβ) (m2αmβ + (6mα +mβ)m2W ′)
+m3αm
2
β + 2 (mβ − 2mα)m4W ′ +mα
(−8mαmβ + 4m2α + 3m2β)m2W ′
)
B0(m
2
α,m
2
j ,m
2
W ′)
+mα
(
m4j (mα − 2mβ) +m3jmα (mβ −mα) +m2j
(
mβ
(−mαmβ +m2α + 2m2β)+ (mα − 2mβ)m2W ′)
+mj (mα −mβ)
(
mαm
2
β + (mα + 6mβ)m
2
W ′
)−m2αm3β − 2 (mα − 2mβ)m4W ′
−mβ
(
mα − 2mβ
)
(3mα − 2mβ)m2W ′
)
B0(m
2
β ,m
2
j ,m
2
W ′)− 2mαmβm2W ′(m2α −m2β)
(
3mj (mα −mβ)
+m2j + 3mαmβ − 2m2α − 2m2β + 2m2W ′
)
C0(m
2
α,m
2
β , 0,m
2
W ′ ,m
2
j ,m
2
W ′)
−mαmβ(m2α −m2β)
(
(mj −mα) (mj +mβ) + 2m2W ′
)}
. (A10)
Appendix B: Λ-independent factors in leading
contributions to transition moments
The factors defining Eqs. (16) to (19) have the follow-
ing expressions:
η
(1)
j =
4κ6j − 15κ4j + 12κ2j + 6κ2j log κ2j − 1
(16pi)2κ2j
(
κ2j − 1
)
3
, (B1)
η
(2)
j =
2κ8j − 27κ6j + 32κ4j − 9κ2j + 2
(
4κ4j + 6κ
2
j − 1
)
κ2j log κ
2
j + 2
2(16pi)2κ2j
(
κ2j − 1
)
4
, (B2)
η
(3)
j =
6κ6j − 29κ4j + 26κ2j + 2
(
2κ2j + 5
)
κ2j log κ
2
j − 3
2(16pi)2κ2j
(
κ2j − 1
)
3
, (B3)
ω
(1)
j =
−4κ6j + 15κ4j − 12κ2j − 6κ2j log κ2j + 1
(16pi)2κ2j
(
κ2j − 1
)
3
, (B4)
ω
(2)
j,αβ =
−2κ8j + 27κ6j − 32κ4j + 9κ2j − 2
(
4κ4j + 6κ
2
j − 1
)
κ2j log κ
2
j − 2
2(16pi)2κ2j
(
κ2j − 1
)
4
, (B5)
ω
(3)
j,αβ =
6κ6j − 29κ4j + 26κ2j + 2
(
2κ2j + 5
)
κ2j log κ
2
j − 3
2(16pi)2κ2j
(
κ2j − 1
)
3
. (B6)
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